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SUMMARY

Boiling heat transfer to liquid hydrogen and nitrogen was investi-

gated experimentally. Results are presented from a study of bulk boil-

ing inside a cylindrical tube under vertically upward forced-flow condi-
i

tions. A O.5S5-inch-inside-diameter and l_-inch-long electrically

heated stainless-steel tube was used. The range of variables studied for

hydrogen were mass velocity of 2S50 to 17,000 pounds per hour per square

foot, local heat flux of 5800 to 40,000 Btu per hour per square foot,

inlet pressure of 50 to 74 pounds per square inch absolute, and inlet

subcooling of 0° to 9° R. Nitrogen test conditions were mass velocity of

iS_O00 to 58_000 pour.ds per hour per square foot, local heat flux of 2500

to _0_000 Btu per hour per square foot_ inlet pressure of 47 to 58 pounds

per square inch absolute, and inlet subcooling of i° to 6° R.

The axial distribution of the tube-wall temperatures is presented.

A transition in the type of boiling heat transfer was obtained. The

critical heat flux corresponding to this transition was determined over

a range of flow and heating rates and local qualities. At specific com-

binations of flow amd transition location, a range of critical-heat-flux
values was obtained and maximum values were determined. The maximum

critical heat flux increased with increasing fluid-flow rate and de-

creased with increasing length of tube before transition. Similar varia-

tions of the maximum critical heat flux have been reported for water.

The tube-inner-wall temperatures upstream of transition were essentially

uniform and were only slightly greater than the fluid saturation temper-

ature. The wall-temperature profiles downstream of transition generally

resembled those obtained in film-boiling studies and appeared to be

strongly dependent upon local quality at the point of transition. Maxi-

mum wall temperatures of 9OO ° and 1800 ° R were obtained with hydrogen and

nitrogen, respectively. Fluctuations of pressure, flow rate, and temper-

ature occurred during some of the boiling tests. Under some conditions,

maximum critical-heat-flux values were attained during steady-state oper-
ation with fluctuations. In other cases the fluctuations became uncon-

trolled_ and critical-flux values less than the maximum values were ob-

tained upon rests?oilization of the test conditions. No measurable pres-

sure drop across the test section _as obtained at any condition.
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INTRODUCTION

Liquid hydrogen has been proposed for use in several advancedpro-
pulsion systems. In these systems_ hydrogen maybe used both as a pro-
pellant and as a coolant. The low boiling point of hydrogen and the de-
sirability of storing it in the liquid state in addition to the require-
ments of somesystems for gaseoushydrogen necessitate a knowledge of
two-phase flow and heat transfer for hydrogen. Information is especially
desired for boiling heat transfer of hydrogen under forced-flow, confined-
geometry conditions. In addition, the wide variance of the physical
properties of hydrogen from those of more conventional fluids make it
attractive as a test fluid in research directed towards a more complete
understanding of the general problem of boiling heat transfer.

Information in the literature concerning boiling heat transfer,
primarily for the case of pool (or pot) boiling and usually for conven-
tional fluids_ such as water and alcohols, is extensive. Present think-
ing with respect to pool boiling and related investigations with hydro-
gen are summarizedin reference I. Pool boiling is characterized by three
distinct modesof boiling, namely, nucleate, transition, and film boil-
ing. Analytical and empirical relations between the heat flux (or heat-
transfer coefficient) and the wall- to fluid-temperature difference have
been obtained for pool boiling. Pool boiling also exhibits a distinctive
value of heat flux obtained at the boundary between the nucleate and
transition boiling regions that has been variously termed maximumnucleate
flux, departure from nucleate boiling (DNB), or burnout heat flux. Ana-

lytical and experimental correlations of the maximum nucleate flux with

fluid properties and test operating variables have been made with vary-

ing degrees of success (ref. i).

For the case of forced flow in confined geometries, the current

understanding of boiling heat transfer is much more limited, especially

for the case of net vapor generation. Again, considerable data have been

obtained and several correlations have been proposed (refs. 2 to 8).

Much of the available data are incompletely presented or contradictory_

and the correlations_ which successfully relate the results of a single

study_ have not been successful when applied to other tests or fluids of

widely differing properties. The experimental data of several investiga-

tions (refs. 2 to 4) have indicated the existence of a critical heat

flux, which somewhat resembles the maximum nucleate flux obtained in pool

boi!ing_ in that a well defined reduction in the heat-transfer coefficient

is obtained. Some data of this type that resemble the usual results ob-

tained for pool boiling were obtained in limited tests of boiling hydrogen

(ref. 7). Data were obtained in reference 8 for hydrogen for the region

that might be termed film boiling in tubes with forced flow. For the

investigations of boiling heat transfer with forced flow in confined

geometries, there is a wide variation in the assumptions regarding the

physical nature of the heat-transfer process and in the definition of
the critical heat flux.
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Becauseof the aforementioned limitations of present knowledge, a
program was initiated at the Lewis Research Center to investigate boiling
heat transfer to liquid hydrogen under conditions of forced flow inside
a vertical tube. The principal objective of the investigation was to
determine in engineering terms the effect of the operating variables
(flow rate, pressure, liquid inlet s_ocooling, heating rate, and tube
geometry) on the modeof heat transfer and their relation to the value
of the critical heat fl_. The program was directed towards conditions
resulting in net vapor generation. In addition, information on flow
instability and its effect on heat transfer were desired

The test apparatus consisted of a pressure-fed, once-through system
with an electrically heated vertical tube of 0.555-inch inside diameter

i
and l_-inch length. Both subcooled liquid para-hydrogen and liquid
nitrogen flowed through the tube in vertical upflow. The range of vari-
ables investigated was limited to the following:

Massvelocity, ib/(hr)(sq ft)
Local heat flux, Btu/(hr)(sq ft
Liquid inlet subcooling, OR
Inlet pressure, ib/sq in. abs

Hydrogen Nitrogen

g850 to 17,000
) 5600 to 40,000

0to 9
50 to 74

15,000 to 56,000
2500 to 40,000

ito6
47 to 56

Tube-exit qualities ranged from essentially 0 to 1.0 (with superheat),

and transition from a relatively high to a lower value of heat-transfer

coefficient occurred over a range of axial locations from tube entrance

to exit. A few tests were made with cold hydrogen gas flowing through a

heated tube. The results obtained from the investigation are presented

in tabular and graphical form.

APPARATUS

General Arrangement

The test equipment included a liquid-supply Dewar, a controlled

source of pressurizing gas, a flash cooler to subcool inlet test liquid,

the test section and electric power supply, inlet and exit control valves,

a vaporizer, an orifice-type flowmeter, and vent, pressure relief, and

purge systems (fig. I). In practically every case, the test liquids

(para-hydrogen and nitrogen) were pressurized by their own gases. Gase-

ous helium was used for system purging and inerting. The vaporizer was

used to ensure that only a fully vaporized product would pass through

the flow orifice. All fluid lines from the supply Dewar to a point past

the end of the test section were insulated with a vacuum jacket.
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Test Section

The test-section assembly consisted of the electrically heated tube,

inlet and outlet chamber% a vacuum jacket_ and test instrumentation

(fig. 2). The tube was made of type 505 stainless steel with a 0.55S-

inch inside diameter and a 0.05S-inch-thick _all. As indicated in fig-

ure 2_ the effective heated length of the tube was 16_ inches, measured

between the inner faces of the end flanges. All distances along the

tube from the tube inlet were measured from the downstream side of the

inlet flange. The actual inlet end of the tube extended 1/2 inch up-

i
stream of this point. The inlet chamber consisted of a iT-inch-inside-

diameter stainless-steel cylinder attached to the inlet flange. The

inlet chamber_ which was limed with i/S-inch-thick thermal insulatio%

was designed to provide a low-velocity plenum at the test-section entrance

cad to minimize heat leakage from the heated test section to the incoming

liquid. Two copper bus bars_ diametrically opposit% were connected be-

tween the test-section inlet flange and the bottom flange of the vacuum

jacket_ which also served as the ground side of the electrical circuit.

These bus bars were $ inches long with a cross section of 1/8 by i inch.

The outlet chamber was designed to minimize heat losses from the tube,

to provide an electrically insulated, low-electrical-resistance connec-

tion to the tube, and to provide a thermally insulated mixing chamber,

in which the test fluid could come into thermal and phase equilibrium.

The outlet chamber contained an inner liner consisting of stainless steel

and Teflon. This liner_ _ich was not attached directly to the tub%

was designed to allow cool gas to accumulate between it and the outer

shell and thus to act as thermal insulation. The outlet section was

connected to a 1-inch-outside-diameter copper tube that passed through

the vacuum jacket and was electrically isolated from it. Two conically

shaped mixing screens were placed in the outlet section. The vacuum

jacket around the test-section assembly consisted of stainless-steel
i

flanges with 0-ring seal% a S_inch-diameter Lucite tub% and an

aluminum-foil radiation shield.

Flash Cooler

The flash cooler shown in figure i was provided to supply subcooled

liquid to the test section. The cooler consisted basically of three

concentric tubes. The flow of the liquid to the test section was brought

through the small innermost tube. Some liquid was allowed to pass into

the annular space around the inner tube through bleed holes at various

points along the length of the subcooler. The pressure in this annulus

was maintained intermediate between atmospheric pressure and the supply

Dewar pressure by a throttle valve. The liquid entering the annular



space vaporized because of the drop in pressure and thus cooled the in-
ner supply tube. The inner tube had a 0.3S-inch outside diameter with
a 0.032-inch wall. Stainless-steel rods, 1/4 inch in diameter3 were
inserted into the inner tube to promote cooling of the supply liquid.
The outer annular space provided a vacuumjacket for thermal insulation.

Electric Power Supply
i

The tube was heated by alternating current supplied through a 2_-
kilowatt, 60-cycle transformer with a maximumcurrent rating of 500
amperes. The power to the test section was controlled by a variable
autotransformer in the primary circuit. The current to the test section
was measuredby a laboratory-quality ammeterconnected to a current
transformer with a ratio of i00. Voltage drops across the tube at vari-
ous locations were measuredwith a Ballantine vacuum-tube voltmeter.

Instrumentation

Instrumentation was provided to measurethe inlet and the exit
fluid bulk temperatures, the tube-wall temperatures_ the inlet-fluid
pressure, and the test-fluid flow rate.

Fluid temperatures. - The fluid bulk temperatures were measured by

carbon resistors in the inlet and the exit of the test section (see

fig. 2). The carbon resistors at the test-section outlet were located

both above and below the mixing screens. The carbon resistors were

hermetically sealed in a protective sheath about 0. i inch in diameter

by 0.2 inch long. The carbon resistors acted as one arm of a bridge

circuit, the output of which was recorded on a self-balancing potenti-

ometer. The slope of the temperature-resistance curve was obtained in

a laboratory calibration and was essentially invariant. Shifts of the

curve occurred, however, that required daily adjustment with a trimming

resistance at a known temperature condition. The fluid temperature at

the orifice flowmeter was measured with a copper-constantan thermocouple.

The overall accuracy of the fluid bulk temperatures is estimated at ap-

proximately !0.5 ° R.

Wall temperatures. - The temperatures of the tube wall and of adja-

cent sections were obtained with copper-constantan thermocouples. The

thermocouples were soldered to the outside of the tube wall and the leads

were wrapped around the tube several times and were finally wrapped with

glass-fiber tape. The tube-wall thermocouples were positioned in one

longitudinal plane and their axial locations are given in table I. The

positions of the thermocouples that were installed on the inlet section,

the outlet section, and the ground bus are also given in table I. These

thermocouples were used to monitor the flow of heat to and from the test

section.
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The constantan wire from each thermocouple junction was led without
interruption to individual reference junctions located in a liquid-
nitrogen bath at atmospheric pressure. Copper leads led from the bath to
a manual selector switch. The thermocouple voltage was bucked by a l-
millivolt voltage to obtain positive values_ and the resultant signal
was recorded on a self-balancing potentiometer. The calibration of the
thermocouples was determined from the National Bureau of Standards cali-
bration (ref. 9) and laboratory calibration checks. The calibration in-
dicated a very low sensitivity for the copper-constantan thermocouples
near liquid-hydrogen temperatures. Wall temperatures_ however, were ob-
tained from approximately 40° to !S00° R. Above 1200° R_ an extrapolation
of the curve of reference 9 was used. The sensitivity and accuracy of
the thermocouple readings are indicated by the following table-

Sensitivity_ mv/°R
Chart reading !imit_ mv
Chart reading limit_ oR

Li qul d-hydrogen
temperature

(45o R)

O. OO4

0.01 to 0.02

2.5to 5

Liquid-nitrogen

temperature

(16o° R)

O. Ol

0.01 to 0.02

ito2

Room tempera-

ture (530 ° R)

0.022

[0.01 to 0.02

0.5 to i

The thermocouple calibration points also showed a scatter of approximately

±3 ° R at liquld-hydrogen temperatures and ±i o R at liquid-nitrogen tem-

peratures. Approximately the same scatter was obtained from the actual

tube-wall thermocouples during no-heat runs. The tube-wall thermocouples

were attached to the outside of the tube wall. The temperature of inter-

est, howeverj is that of the inner surface. An analysis and computation

of the temperature drop through the tube wall is given in appendix A for

the case of negligible axial temperature gradients. This analysis indi-

cates wall drops of up to 20° R for liquid-hydrogen conditions and up to

7° R for liquid-nitrogen conditions over the range of the test heat
fluxes.

Pressure. - The fluid pressures were sensed with strain-gage-type

transducers and were continuously recorded on a high-speed recording
potentiometer (0.3-sec full-scale travel). Pressure was sensed at the

test-section inlet (see fig. 2) by a transducer having a range of 0 to

i00 pounds per square inch absolute and an overall accuracy of ±0.5 per-

cent of full scale. Initially a differential pressure transducer was

installed to measure the pressure drop across the test section. Since

no measurable pressure drop was obtained at the largest flow and vapori-

zation conditions_ the downstream pressure tap was removed to aid in

eliminating flow and pressure oscillations. The fluid pressure far down-

stream of the tube exit (upstream of the exit control valve) was monitored

on a visual gage but showed no significant drop from the test-section

inlet pressure. The pressure in the flash cooler was also sensed by a
strain-gage transducer.
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Flow rate. - The test-fluid flow rate was measured by a sharp-edge

orifi'ce downstream of the vaporizer. The vaporizer ensured that all the

fluid was in the gaseous phase and at a temperature at which fluid prop-

erties are well known. The discharge coefficient was determined with

water for a range of Reynolds numbers. The orifice pressure and pres-

sure drop were measured with strain-gage-type transducers and recorded

on a self-balancing potentiometer. The flow-rate measurements are esti-

mated to have an accuracy of +2 percent.

PROCEDURE

Establishment of Test Conditions

Obtaining information on boiling heat transfer for various heating

rates at several pressure levels and over a range of flow rates in a

systematic way was desired in order that the effects of each variable

could be determined. It was also desired to have the test liquid enter

the test section slightly subcooled and to study heat transfer and two-

phase flow in forced flow over as great a range of fluid quality as pos-

sible and to obtain a critical heat flux at arbitrary locations along

the tube axis. (The critical heat flux is defined as the flux immediately

before the transition from the high upstream heat-transfer coefficient to

a lower value. ) Completely systematic operation was not always possible

because of limitations of the test equipment and of the boiling process

itself. In addition, operation at a precise preselected condition was

difficult to attain because of fluctuations of flow and pressure that

occurred in the system.

The general operating procedure consisted of setting conditions of

flow rate, pressure, and inlet subcooling without heat addition and then

gradually increasing the heat to the test section in small increments

until the desired condition was obtained. As heat was added to the

system 3 the flow and pressure conditions changed and had to be continually

readjusted. The most consistent and repeatable results were obtained by

always increasing the heat control setting and/or decreasing the flow

rate. The range of test variables for the investigation of boiling heat

transfer were test-section pressure, 50 to 74 pounds per square inch

absolute; mass velocity, 2850 to 17,000 pounds per hour per square foot

for hydrogen and 15,000 to 56,000 pounds per hour per square foot for

nitrogen; inlet subcooling of 0° to 9° R for hydrogen and 1 ° to 6° R

for nitrogen. The heated-tube-wall temperatures varied from 56 ° to

1800 ° R. The point of transition from a high to a lower heat-transfer

coefficient was obtained at various locations along the length of the

tube. Occasional unheated runs were made before and after a heated

run. For an unheated run made after a heated condition, the flow and

pressure controls were left unchanged in order that the effect of boil-

ing on the flow conditions might be studied. A few runs were made in

which cool hydrogen gas flowed through the tube at nominal pressures of

50 and 70 pounds per square inch absolute, inlet temperatures of 48°



to 82° R, and massvelocities of 7800 to 13,000 poundsper hour per
square foot.

Data Reduction and Computations

All wall temperatures were obtained from the thermocouple chart
readings and the aforementioned copper-constantan thermocouple calibra-
tion. Inner-tube-wall temperatures for a negligible axial temperature
gradient were obtained from the calculations of appendix A. All pres-
sures were read directly from the recorder charts. The flow rate was
computedby the standard ASMEorifice equations. Fluid properties were
taken primarily from National Bureau of Standards sotu-ces (refs. 9
and i0).

The local heat flux was computedfrom the measuredcurrent and
tube-outer-wall temperature by equation (All).

The local vapor quality was obtained from a heat balance by the
relation

Q - WCp(tsa t - tin)
x : (i)

Whfg

(All symbols are defined in appendix B.) For the special case of negli-

gible axial temperature gradient (hence, constant heat flux), the quality

is given by

#_{]qL

x : 4_I\DJ - Cp(tsat - tin) (2)

hfg

Heat balances were computed for a few cases by comparing the enthalpy

rise of the fluid through the test section with the amount of electric

heat supplied to the test section. The heat balance could be computed

only for cases with subcooled inlet liquid and superheated exit vapor

(except for the hydrogen-gas runs) because there was no independent means

of measuring quality. The heat balances agreed in most cases within ±i0

percent. Usually the heat input was greater than the measured increase

in fluid enthalpy, which indicated a heat loss. The main sources of heat

loss (or gain) are the vacuum jacket, the copper ground bus, and the in-

let and the exit sections. Calculations indicated that heat transfer

across the vacuum jacket to the test section was negligible. Conduction

through the copper ground bus was into the inlet section and was less than

S percent of the heat generated in the tube. The heat loss from the tube

through the walls of the inlet section was less than 2 percent of the heat

generated in the tube. Evaluation of the heat loss at the exit of the

test section was impossible. An additional source of error arose from

the possible nonequilibrium of temperature and the phase of the test



fluid at the points of measurementin the inlet and the exit sections.
The heat balance_ however, was satisfactory and within the accuracy ex-
pected from the individual measurements.

RESULTSANDDISCUSSION

Tabulation of Data

The data obtained in 180 separate runs are tabulated in table If.
Included in the table are data for runs both with liquid hydrogen and
with liquid nitrogen, both heated and unheated_ and also heated and un-
heated gaseous-hydrogen runs. The original data consisted primarily of
the tube-outer-wall temperatures and the fluid exit bulk temperature
obtained for various tests conditions of pressume, inlet fluid temper-
ature_ flow rate_ and heating rate. For cases in which significant
fluctuations of tube-wall temperatures occurred, the magnitudes of such
fluctuations are also tabulated. The runs are numberedin chronological
order. An omission in the run-number sequence indicates an aborted run
or a significant change in the testing program. Also presented in ta-
ble I! are the temperatures measuredon the electrical ground bus and in
the inlet and the outlet sections. The table also contains the calcu-
lated values of the fluid inlet subcooling, the fluid exit superheat,
the critical heat flux (or the uniform flux on the tube if it is below
the critical value)_ the position of the point of transition in heat
transfer (termed the critical-boiling-length-to-diameter ratio), and
the local quality at the point of transition (termed the critical qual-
ity). The remarks tabulated for each run are based on observations
madeduring the test and also on subsequent study of the data.

Tube-Wall Axial-Temperature Profiles

The tube-outer-wall temperature profiles along the length of the
tube for liquid-hydrogen tests at a pressure of approximately SOpounds
per square inch absolute and an average inlet subcooling of 2° R are
presented in figure S for various heating rates at two different nominal
massvelocities. Also included in the figure are the temperatures of
the inlet and the outlet sections and a schematic diagram of the test-
section geometry_ including thermocouple locations. All the profiles of
figure 3 have the samegeneral shape but showtrends with respect to heat-
ing rate and massvelocity. Starting at the tube inlet_ the wall tem-
peratures are essentially constant until a sudden temperature rise is
obtained at various downstreamlocations. Following the initial sharp
rise_ the slope of the temperature profile decreases and in somecases the
curves appear to approach a constant temperature. Listed in figure S are
the values of the local heat flux existing immediately upstream of the
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point of temperature rise. This heat flux, arbitrarily termed the
critical heat fluxj is indicative of a boiling heat-transfer condition
at which, for a given flow and pressure, a transition occurs from a
relatively large heat-transfer coefficient to a smaller coefficient at
a specified position along the tube axis. (The flux downstreamof the
transition point is larger than the critical flux because of the in-
crease in tube electrical resistance, but the proportionate increase in
flux is muchless than the increase in wall temperature. ) The critical
flux may not correspond to the maximum nucleate or burnout flux obtained

in pool boiling} for the terms to be synonymous, evidence would be re-

quired that the critical heat flux results from surface ebullition.

All the data of figure 3 show an increase in the critical heat flux

as the location of transition moves upstream. This inverse relation was

also found in tests with water for transition occurring at the exits of

tubes of various lengths (ref. 4). The temperature-rise curves for the

nominal mass velocity of 12,000 pounds per hour per square foot (fig.

3(a)) show a more pronounced change in slope and tend to approach a con-

stant value of temperature sooner than those for the lower flow rate

(fig. 3(b)). These effects are probably related to the lower qualities

at the critical point obtained at the higher flow rate; however, a dif-

ference in the two-phase flow pattern (void-fraction distribution) is

felt to be the controlling factor.

All the wall temperatures of figure 3 upstream of transition are

uniform along the tube within the limits of the instrumentation and show

a small and nonsystematic variation between runs. The inner-wall tem-

peratures can be obtained by subtracting the wall-temperature drop (given

in appendix A) from the outer-wall temperatures of figure 3. The inner-

wall temperatures are approximately 12 ° and 3° E above the inlet fluid

saturation temperature for the conditions of figures 3(a) and (b), re-

spectively. These small temperature differences are not considered ac-

curate enough for further analysis because of the inherent inaccuracy

and lack of sensitivity of the temperature measurements at these low

temperatures (40 ° to 70 ° R).

Since the highest wall temperatures obtained with hydrogen never

exceeded 900 ° R and in most cases were less than 600 ° R, safe operation

over a considerable range of conditions in a region equivalent to film

boiling with forced flow seemed possible. Similar magnitudes of wall

temperature were obtained in reference 8.

The tube-wall temperature profiles obtained with liquid nitrogen

as the test fluid were generally similar to the results with hydrogen.

(All nitrogen data are given in table ll(b).) The rise in wall temper-

ature following transition was much steeper for nitrogen than for hydro-

gen and the hightemperatures (up to 1800 ° R) obtained finally caused

failure of the test apparatus. During operation wlth liquid nitrogen,
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attempts to obtain transition upstream of the tube exit generally re-
sulted in unstable conditions with extreme fluctuations of flow, pres-
sure, and wall temperature.

A few tests were madein which cool hydrogen gas flowed through the
heated tube. These tests were madeto obtain tube-wall axial temperature
profiles for conditions of gas convective heat transfer for comparison
with the temperature profiles obtained with boiling heat transfer. The
profiles shownin figure 4 are for turbulent convective heat transfer and
are considerably different from those obtained with boiling heat trans-
fer (fig. 3). For the convective heat transfer, the tube-wall rise always
started close to the tube inlet and the wall-temperature rise was gener-
ally more gradual than for the boiling heat-transfer tests. The shape of
the convective wall-temperature profiles results primarily from entrance
effects and variations in the tube-wall- to fluid-bulk-temperature ratio.
The shape of the wall-temperature profiles for the boiling case _fig. 3),
however, reflects changes in phase and in the boiling heat-transfer
mechani sm.

Temperature profiles are presented in figure 5 for boiling hydrogen
at two constant values of transition location for several values of mass
velocity and critical heat flux. An increase in massvelocity tends to
skew the temperature-rise curves by increasing the slope at first and
then by decreasing it at downstreamlocations. This effect of massve-
locity on the temperature-rise curves was previously shownby the data
of figure 3.

Critical Heat Flux

The critical heat flux for the conditions of this investigation
corresponds to the local heat flux just upstream of the location of a
sudden rise in wall temperature. For the critical heat flux at the end
of the tube, transition was defined as the point corresponding to the
conditions existing just previous to the increase in flux that first
caused the thermocouple located 1/2 inch from the tube exit to rise. The
critical heat flux obtained for boiling liquid hydrogen at a pressure of
approximately 50 pounds per square inch absolute is presented in figure 6
as a function of mass velocity for four nominal values of the critical-
boiling-length-to-diameter ratio L/D. All these curves showa signifi-
cant increase in the critical flux with increasing massvelocity, but
the slope of the curves generally decreases with increasing massveloc-
ity. Generally the critical flux increases as the L/D decreases for
constant mass velocity. Similar relations were found for water in ref-
erence ¢_ in which transition occurred at the exit of tubes of various
lengths and diameters. In the present investigation, the length varia-
tion was obtained by causing transition to occur at various locations
along a tube of constant length and diameter. The data of figure 6 show
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an increased scatter with reduction in the critical L/D. The points of
greatest heat flux in figure 6(d) also had the greatest fluctuations of
wall temperature, flow rate, and pressure but were essentially steady-
state conditions. The points along the lower envelope of critical flux
in figure 6(d) did not showany fluctuation. Someof these lower points
were obtained by deliberately overheating and then decreasing power
and/or by increasing the flow rate un%il a stable condition was obtained.
The rest of the lower points were obtained by a similar_ but uncontrolled,
process that could occur independently following a perturbation and that
would eventually result in a stable condition. The highest flux values
obtained at a given operating condition are arbitrarily termed the maxi-
mumcritical heat fluxes. Throughout the investigation the maximum
critical heat fluxes were generally associated with fluctuations of wall
temperature_ flow rate_ and pressure, while the lower values of critical
flux normally occurred without fluctuations. The scatter of the critical-
flux values increased as the transition point movedupstream for the en-
tire investigation with both liquid hydrogen and liquid nitrogen. The
temperature profiles presented in figures 3 and 5 are from tests in which
the maximumcritical flux was obtained.

The temperature profile for a maximum-critical-heat-flux case is
comparedwith the temperature profile obtained at a lower value of criti-
cal flux in figure 7. All other conditions of flow rate_ pressure_ and
inlet subcooling are essentially the same. The main difference in the
two profiles is a higher temperature level for the maximumcritical flux
case_ which reflects the increased heating rate. The lower critical flux
was obtained by deliberately overheating and then by cooling.

Tube-wall-temperature profiles for tests with critical heat fluxes
less than the maximumare presented in figure 8 for an essentially con-
stant massvelocity and various transition locations. For transition
occurring at a value of L/D of less than 8 (axial distamce L of about
4)_ the profiles each have a definite peak and a minimumas contrasted
with the profiles for larger values of L/D and the profiles of figures
3 and S.

Someruns were madewith the wall-temperature rise occurring at or
near the tube inlet. The resulting profiles are sho_ in figure 9 for
two pressures and various massvelocities. Manyof these curves have
peaks and minimumpoints and in this respect are similar both to the
profiles of figure 8 for values of L/D of less than S and to the pro-
files reported in reference 8. The shape of the curves of reference S
was explained on the basis of an inlet end effect_ a two-phase annular-
flow model with the associated momentumpressure drop along the tube_
and the attainment of "dry-wall" or "vapor-binding" conditions. In the
tests presented herein_ momeasurable pressure drop across the test sec-
tion was obta_ned_ but dry-wall conditions could be attained. The data
of figure 9 do not seemto indicate any significant effect on the critical
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heat flux of the increase in pressure from 50 to 70 pounds per square
inch absolute. Whether the critical-heat-flux values for the data of
figure 9 should be classified as maximumor submaximumvalues is not
known. Additional data for small values of transition length are neces-
sary to resolve this question.

The critical-heat-flux data for hydrogen that are considered to be
maximumsare shownin figure i0 in logarithmic coordinates as functions
of mass velocity for several critical L/D's. Lines of constant quality
of 1.00 and 0.50 computedfrom a heat balance are also indicated in fig-
ure i0. The general trend of the data is similar to that obtained for
the boiling of water at low pressure (ref. 4). The water data indicated
a change of slope or a knee in the curve of flux against mass velocity
with the knee at a quality of approximately 0.50. The hydrogen data,
however, do not exhibit any marked change in slope, particularly in the
region of a quality of 0.50. The hydrogen data are fairly limited com-
pared with the water data of reference _. The hydrogen data can be
extrapolated to higher and lower qualities in a mannerwhich would show
that a knee occurs in the quality range of 0.60 to 0.70. These same
data are cross plotted against the critical-length-to-diameter ratio in
figure ii_ which showsthe inverse relation between the critical heat
flux and the critical L/D. This effect is greatest for high qualities.
Extrapolating the curves to small critical values of L/D would indi-
cate a small effect of L/D on the maximumcritical flux. This condi-
tion makes it difficult to determine if the data shownin figure 9 rep-
resent maximum-critical-flux values.

The variation of the critical heat flux with massvelocity for
boiling liquid nitrogen is presented in figure 12. The results are given
for transition at the end of the tube only (L/D = 29). For smaller
values of critical L/D_ the critical heat fluxes that were obtained were
less than those of figure 12 at corresponding operating conditions. For
this reason_ the critical fluxes obtained upstream in the tube with ni-
trogen are not regarded as maximumcritical fluxes as defined herein.
Attainment of such maximumcritical fluxes at critical values of L/D
of less than 29 would be difficult and would require an improved appara-
tus with respect to stability control and material temperature limits.
The general trend of the data of figure 12 agrees with that for hydrogen
at a similar critical value of L/D (fig. i0) but with the critical flux
at a larger value of massvelocity at approximately the samequality.
This result reflects the lower latent heat of vaporization of nitrogen
comparedwith hydrogen.

The data of figure 12 are also plotted in figure 13 together with
the critical-flux data obtained with critical values of L/D of less
than 29. The dashed line in figure 13 represents a quality of 1.00 for
L/D of 29. With the exception of one point, all the critical-flux data
for the short L/D tests fall below that for L/D of 29. In addition,
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the critical flux obtained upstream of the tube exit appears to be inde-
pendent of the location of transition over a considerable range of L/D.
The resemblance between figure 13 of this report and figure _ of refer-
ence 4 should be noted. Figure 4 of the reference for water (ref. 4)
showedthat the presence of compressible volumes limited the stability
of the system and caused low values of critical flux. A slmilar_ though
unknown, limitation of system stability apparently existed for the nitro-
gen tests with transition upstream of the tube exit.

Normalization of Critical-Heat-Flux Data

Previous investigators (refs. _ to 4) have tried various meansof
correlating and normalizing critical-heat-flux results. These efforts
have been primarily empirical approaches. In reference 4, a large amount
of data was normalized for forced-flowboiling of low-pressure water by
using parameters including tube diameter, tube length, and massvelocity.
The maximum-critical-heat-flux data of the present investigation are
presented in terms of the parameters of reference A in figure lA and com-
pared with the water data of reference 4. The cryogenic data appear to
be successfully normalized into single curves for each fluid with an ac-
ceptable degree of scatter. The normalized curves for the three fluids
have the samegeneral trends and are separated in the order of their
respective latent heats of vaporization. A similar normalization of the
data is shownin figure 15 but with slightly different powers of the
length and the diameter terms. The normalization of the data in fig-
ure 15 appears to be equally as good as that in figure 14. Selection of
the correct correlating parameters seemsdifficult without a realistic
model of the two-phase flow and heat transfer, particularly for the
cases of qualities approaching 0 and 1.00.

Acceptance of the normalization of the critical-heat-flux data in
the form of figures 14 and 15 would imply an effect of the critical boil-
ing length on the critical heat flux in addition to that required by a
heat balance. If the length term is assumedto have no other effect than
that required by a heat balance, the critical-flux data should be nor-
malized by a plot of the critical flux against the massvelocity divided
by the critical-length-to-diameter ratio L/D; that is, the critical
heat flux is a unique function of the local critical quality for a given
fluid. The hydrogen maximum-critical-heat-flux data is shownin this
way in figure 16. The dashed line represents a quality of 1.00 for all
length values. The scatter of the data in figure 16 is only slightly
worse than in figures 14 and 15. The actual data scatter appears to be
unsystematic with the possible exception of the smallest L/D conditions_
for which the heat-flux values fall lower than the rest of the data.
Similar trends were obtained with the water data of reference 4; that is,
the fluxes for small L/D data were low. The failure of the small L/D
data to correlate with the rest of the results in a graph such as
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figure 16 maybe attributed to several factors 3 in addition to questions
concerning the validity of the choice of correlating parameters. These
are: (i) The data at small critical values of L/D were the most dif-
ficu!t to obtain and had the greatest tendency towards instability_
(2) at short lengths_ heat transfer and two-phase flow equilibrium may
not have been achieved; and (S) the data at small values of L/D maybe
reflecting entrance effects. The relation between the maximumcritical
heat flux and the critical length has therefore apparently not been com-
pletely determined. An additional complicating factor is involved in the
selection of the correct critical length. The water tests of reference 4
had considerable inlet subcooling and would be expected to have an ap-
preciable length of subcooled boiling_ whereas3 in the present investi-
gation_ the subcooling was negligible and bulk boiling occurred over
nearly the entire length. Whether the effective length should be measured
from the tube inlet or from the location at which the fluid bulk reaches
the local saturation temperature is unknown. This problem is treated in
reference 3 in a discussion of the use of quality as a correlating param-
eter for the critical heat flux.

Wall Superheat

A conventional method of presenting boiling heat-transfer data
(especially for pool or pot boiling) is a graph of the heat flux against
the wall superheat (wall temperature minus the fluid saturation temper-
ature). Data for nitrogen are presented in this form in figure 17. These
data include both the maximum-critical-heat-flux conditions and conditions
below critical (no transition). Most of the data appear to fall on a
single curve with no significant effect of massvelocity. Included in
figure 17 are the predictions of reference Ii for nitrogen and of refer-
ence 5 for nitrogen and water. It is claimed in reference S that the
method presented therein of predicting boiling heat fluxes applies to
flowing systems as well as to nucleate pool boiling. The results shown
in figure 17 should uot be interpreted as supporting the analytical pre-
dictions or their application to flowing systems. The agreement maybe
fortuitous_ especially because of the limited extent and accuracy of the
nitrogen data. Similar graphs for the hydrogen data are not presented
because of the poor sensitivity of the copper-constantan thermocouples
at hydrogen temperatures. In fact_ the sensitivity of the thermocouples
for the nitrogen conditions is considered marginal. Analytical predic-
tions indicate a wall superheat of i ° to 5° R for the range of the hydro-
gen test condltions. The experimental data showa wall superheat of the
order of i0 ° R or greater. Attributing this lack of agreement entirely
to limitations of the thermocouples appears difficult. The data of ref-
erence 7 for hydrogen do not fully correlate with the analytical predic-
tions of references 5 and ii.
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SUMMARYOFRESULTS

The results of the investigation of boiling heat transfer to liquid
hydrogen and nitrogen in forced flow maybe summarizedas follows:

i. Boiling heat-transfer data (wall temperatures and heat fluxes)
were obtained for bulk boiling of liquid hydrogen and nitrogen under
forced flow upward inside an electrically heated tube. Data were ob-
tained over ranges of flow and heating rates and pressures for small
amounts of inlet subcooling. A limited amount of data was obtained with
flowing cool hydrogen gas.

2. A transition in the type of boiling heat transfer was obtained.
The critical heat flux corresponding to this transition was determined
over a range of flow and heating rates and qualities. At specific com-
binations of flow and transition location_ a range of critical-flux values
was obtained and maximumvalues were determined. The maximumcritical
boiling heat flux increased with increasing fluid-flow rate and decreased
with increasing length of tube before transition. The variation of the
m_imum critical flux with flow rate and critical boiling length was
similar to that previously obtained with water.

3. Tube-inner-wall temperatures upstream of transition were essen-
tially uniform and were only slightly greater (less than 20° R) than the
fluid saturation temperature. Wall temperatures downstreamof transition
were considerably greater and the wall-temperature profiles generally
resembled those obtained in film-boiling studies. The form of the wall-
temperature rise downstreamof transition appeared to be stromgly depend-
ent on the fluid quality at the point of transition. Maximumwall tem-
peratures of 900° and iSO0° R were obtained with hydrogen and nitrogen,
respectively.

4. Fluctuations of pressure_ flow rate_ and temperature occurred
during someof the boiling tests. Under someconditions_ maximumcritical-
heat-flux values were attained during stable operation with fluctuations.
In other cases the fluctuations becameuncontrolled, and restabilization
of the test condition resulted in critical-flux values less than the
maximumvalues.

S. No measurable pressure drop across the test section was obtained
at any condition.

Lewis Research Center
National Aeronautics and SpaceAdministration

Cleveland_ Ohio, May 29_ 1962
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APPENDIXA

COMPUTATIONSANDDATAREDUCTION

Temperature Drop Across Tube Wall

An analysis of the thermal and electric flow in an electrically
heated tube is given in references 12 and 13. The basic assumptions of
this analysis are negligible radial-voltage gradient and negligible
axial-temperature gradient. For the case of a perfectly insulated outer
wall, in which the thermal and electrical conductivities of the wall are
linear functions of temperature, the equation for the temperature drop
across a tube wall maybe written as

2 2 2
JI roRo_av _

tw, o - twji - koAc2 \Ro ] 1 + _J_- AF

F
(_)

where

(A2)

r i
S = i - -- (A3)

r o

S2

Rav S - -_-

R o S 2 BS 3
s -7-+-%-

(A4)

jl2r2R /R \2
o ola!l ___qo

A= Ac (AS)

JI2r2oRo_av_ 2 _o

/
(A6)
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(All symbols are defined in appendix B. ) For the conditions of this in-
vestigation_

Rav__2

Substituting the proper constants and dimensions in equation (AI)
gives the tube-wall-temperature drop as

0tw, o - tw_i = 2_6512
+ _/i - 0.0151

(AT)

and

A = 246512 R°_°
ko (AS)

(Ro = (ohms)(sq ft)/ft; k o = Ib force/(sec)(°R)). The heat flux at the

tube inner wall is given by

JI2R° {Rav_ (A9)
q = 2_riAc \Ro ]

which for this investigation becomes

q = 5.22×104 Ro 12 (AS_O)

(Ro = (ohms)(sq ft)/ft).

The variation of the thermal conductivity of 505_ 504j and 547

stainless steel with temperature is given in figure 18. The variation

of the tube electrical resistance with temperature is given in figure 19.

The computed tube-wall-temperature drop is given in figure 20 as a func-

tion of the heat flux and the tube-outer-wall temperature. For the con-

ditions of the investigation_ the wall-temperature drop ranges up to 20° R

for the hydrogen conditions and up to 7° R for the nitrogen test condi-

tions. These computed wall-temperature drops should be applied only for

readings of thermocouples located in a region of negligible axial-

temperature gradient.
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Heat Flux

The local heat fluxes tabulated in table II were computedby

q : zszxzR (All)

which is the same as equation (AI0) with a change in the constant result-

ing from using the resistance in ohms per inch of tube. The heat fluxes

tabulated in table II include not only the critical heat flux but also

the heat flux at the end of the tube_ which was essentially constant over

the entire tube length for the subcritical flux conditions (no transi-

tion).
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APPENDIX B

SYMBOLS

factor defined in eq. (AS), dimensionless

tube-wall cross-sectional area, 4.5X10-4 sq ft

factor defined in eq. (A6), dimensionless

specific heat of liquid at constant pressure, Btu/(lb mass)(°R)

tube inside diameter, 0.04625 ft (0.555 in. )

factor defined in eq. (A2), dimensionless

test fluid mass velocity, lb mass/(hr)(sq ft)

heat of vaporization, Btu/lb mass

heating current, amp

mechanical equivalent of heat, 778.3 ft-lb/Btu or

0.7376 ib force/(w)(sec)

thermal conductivity, Btu/(hr)(sq ft)(°R/ft) or ib force/(sec)(OR)

distance along tube axis measured from inlet station, in. (total

length of tube, i_ in. )

pressure, ib/sq in. abs

rate of heat flow, Btu/hr

heat flux, Btu/(hr)(sq ft)

tube electrical resistance, (ohms)(sq ft)/ft or ohms/in, of tube

radius measured from tube centerline, ft

factor defined in eq. (A3), dimensionless

temperature, OR

fluid mass-flow rate, lb mass/hr

fluid quality or mass fraction of vapor defined in eq. (1),

dimen sionle ss
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coefficient of thermal conductivity as function of temperature,

coefficient of electrical resistivity as function of temperature,
1/°R

Subscript s:

av

cr

ex

i

in

0

sat

w

arithmetical average

critical (conditions at point of sudden rise of tube-wall temper-

ature )

exit of tube

inside surface of tube

inlet of tube

outside surface of tube

saturation condition

wall of tube
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TABLE l. - THERMOCOUPLE LOCATIONS

Description Sta-

tion

Tube outer wall

Copper bus
Far

Ne ar

Inlet section

Near

Far

i

2

3

¢

5

6

7

8

9

10

11

12

15

14

15

16

17

18

19

Distance from inlet

(measured positively

do_stream)_ in._ for -

Runs i00 Runs 220

to 220 to 327

0.5

1.5

2.5

5.5
4.5

5.5

6.5

7.5

8.5
9.5

i0.5

Ii. 5

15.6

0.52

1.5

2.5

5.41

4:.5

5.4:1

6.4:5

7.5.B

8.53

9.5.5

10.5

11.68

14:.06

14:.56

15.61

Outlet section 20 17 17.22
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EXPERIMENTAL DATA

(a) Hydrogen

i
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I
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TABLE II. - Concluded.

172

173

170

170

169

168

170

170

171

1_0

IVl 169

176 170 i 169

16b

171 172 171

171 173 I 172
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EXPERIMENTAL DATA

,hi4 447

423 4,tl 444

-!n!
171

112

171

17C I 17C,

170 i?I

(a) Concluded. Hydrogen

3

,t3S

,t25

(h] JN re: :e_/
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To vacuum pump _ ........_ _"

Mixing screens _

Exit chamber _

Aluminum -foil

radiation shell--_

/

i
/
/
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/
/
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Vacuum jaoket_J_

Inlet ehamber_

i°

Carbon resistor--1_ _
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i:;:i:i_i,_'_i Power lead

I'-q 
/
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/
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i I

"__-- Electrical bus

_ Power lead

"_ CD-7395

Figure 2. - Details of test section, inlet_ and exit.
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Figure 20. - Temperature drop across tube wall as function of heat flux and tube-

outer-wall temperature. Negligible axial temperature gradient; tube of 504

stainless steel; inside diameter, 0.555 inch; wall thickness, 0.055 inch.
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